We have examined the interaction of deuterium clusters with high intensity, ultrafast laser radiation. Upon irradiation a hot plasma is created with a sufficient temperature to produce nuclear fusion. We have seen that larger clusters produce more fusion neutrons than smaller clusters, consistent with a Coulomb explosion modeL Fusion yield is currently limited by propagation effects. Using interferometric imaging we have examined the laser propagation and found that the laser energy is absorbed before it penetrates to the center (highest density region) ofthe gas jet.
INTRODUCTION
In the past years there have been many experiments studying the nature ofintense light interactions with atomic and molecular clusters ofa few hundred to a few hundred thousand atoms. These studies have shown that the interaction of laser pulses with pulse width between 0.1 and 2 ps focused to intensity of 1016 i017 W/cm2 with these clusters is extremely energetic {l-4] Such atomic clusters can be formed from the atoms or molecules in a gas via van der Waals forces. When a high pressure gas expands from a gas jet into vacuum, the cooling associated with the gas's adiabatic expansion can be sufficient to cause nucleation ofthe gas particles into clusters. The absorption ofhigh intensity laser light by these clusters is many orders ofmagnitude more efficient than the absorption by single atoms or small molecules in a gas. This is due to the fact that, although the average density in a gas containing clusters is modest (<1020 cm) the local density within the cluster is high (near solid density of '4O23 cm 3) As a result, iomzation ofthe cluster matenal by the intense laser pulse creates free electrons which can be heated by subsequent inverse bremsstrahlung [4] . Ifthe pulse is shorter than the disassembly time of the inertially confined cluster, a very large amount of the laser energy can be deposited m the small sphencal microplasma created by ionization ofthe cluster. A violent explosion ofthe heated cluster results.
Past experiments have shown that nearly 100% ofthe incident energy can be absorbed by the cluster target [5,6} Though the majonty of the laser energy is deposited into the electrons within the cluster via inverse bremsstrahlung dunng the laser pulse, the charge separation ofthese hot electrons accelerates the ions radially, and, as a result, after the explosion of the cluster the majority (>90%) of the laser energy deposited in the cluster is transferred to the ions. Ion energies up to 1 MeV have been measured in Xe [7] .
A straightforward extension of this work o:e:yn:tt::en tons s to irradiate deutenum clusters in an attempt to create deuterons with enough energy to fuse (greater than a few keV). Recently we performed the experiment illustrated schematically in Fig. I [8] . In this experiment, a high intensity, ultrafast laser pulse was focused into a gas of deuterium clusters and rapidly heats them. These clusters The charged sphere will now disassemble via Coulomb explosion. The energy of ions ejected from a Coulomb explosion increases rapidly as the radius of a cluster gets larger. Since the fusion crosssection is highly non-linear with ion energy, an increase in radius can lead to a large increase in neutron yield.
To ascertain the validity of this hypothesis we have undertaken an experiment to explore the scaling of fusion yield with cluster size[1 1]. Using the well know fact that cluster size increases with decreasing gas jet reservoir temperature, we were able to measure the neutron yield as a function of cluster size by varying gas jet cooling. The results of these experiments are shown in Fig. 3 . We find that as the cluster diameter increases from 30 A to 50 A there is a large increase in neutron production. The solid line shows a simple model calculation based on the Coulomb explosion picture which agrees well with the data in this size range. 
PROPAGATION EFFECTS

FI1itthie(ns )
Above SOA the data in Fig. 3 begins to deviate from the model and eventually, as the cluster size gets larger, the yield begins to decrease. We wanted to investigate the cause of this discrepancy. The first indication that propagation effects are causing the problem is seen in the Fig. 3 . It was found that the position ofthe gas jet relative to the laser focus was important for maximizing the neutron yield. One wanted the laser to come to a focus before the center of the gas jet. The circles are data taken when the jet position was optimized for liquid nitrogen temperatures In this position the neutron yield begins to decrease once the size gets over 50A. The squares represent data taken with the jet position re-optimized for liquid helium temperatures. By just moving the position of the jet we were able to obtain about a factor of 2 increase in neutron yield To examine this further we performed interferometry on the fusion plasma. Using a pellicle to split off a small portion ofthe incident laser beam, the probe beam was sent across the plasma transverse to the main laser beam. The plasma was then imaged into a shearing Michelson interferometer. The resultant interferograms (an example is seen in Fig. 4 ) could then be Abel inverted to produce an electron density, In deuterium, provided there is enough energy to fully ionized all atoms, the peak electron density will be the same as the ion density, In Fig. 4 one can see an interferogram and the electron density of the plasma as a function distance. The average diameter of the clusters here was approximately 50A. The electron density increases as one gets closer to the center of the gas jet. This is simply due to the increasing ion density towards the center ofthe plume. However, I mm before the center of the jet region is reached, the electron density levels off and then begins to decrease rapidly The laser energy is absorbed before it can reach the highest density regions ofthe jet. This problem will worsen as the clusters are made larger, becoming better absorbers [5] . As this happens the fUsion plasma will form further in front of the gas jet at a lower density. The scaling of fusion yield with density (n-2) will cause the decrease in neutron production seen in Fig. 3 .
There are two ways to overcome this problem. The most straightforward way is to increase the laser energy on target. The increased energy will be able to "bum through" the front of the plume, delivering energy to the highest density regions.
Alternatively, one could design a supersonic gas nozzle. The current sonic nozzle sprays gas in a very broad plume. A supersonic nozzle would produce a narrow cone and hence a higher density gradient. This would allow more energy to reach the higher density region.
4, CONCLUSION
We have produced approximately iO neutrons per shot by irradiating deuterium clusters with an ultrafast laser. We find that cluster size, controlled through reservoir temperature, dramatically affects fusion. yield This enhancement is due primarily to the greater ion energies produced in the Coulomb explosion of larger clusters. The scaling of the fusion yield, up to a cluster size of 5OA is roughly consistent with a simple model for the Coulomb explosion. Above this, size propagation effects limit the neutron yield. The laser energy is absorbed before it can reach the maximum density of the gas jet. Since the high intensity laser does not reach the higher density regions, neutron yield is limited. This problem can likely be overcome with more laser energy and better jet design, The laser pulse is absorbed before it
